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Dissolved oxygen (DO) is one of the most important drivers of ocean
biogeochemical cycles and marine life, and in many areas its concentration
has declined due to climate change. In recent decades, a growing number of
autonomous oceanographic platforms has been equipped with sensors for direct
in situ measurements of oxygen levels. However, to ensure high quality and
comparable data, these observations need to be validated or, if necessary,
corrected. In this paper, we compiled all the available DO data collected by
Argo floats and gliders in the South Adriatic Pit (Mediterranean Sea) between
2014 and 2020. This dataset includes data for which it was not possible to apply
conventional quality-control methods. Therefore, we had to apply tailored
procedures based on well-established best practices for correction. The aim is
to showcase how these tailored procedures allowed us to achieve the best
possible quality of data and generate consistent datasets. The drift of the glider
DO sensors related to storage was also estimated. The described procedure
could be useful in similar cases where the conventional methods are not viable,
thus making available potentially useful data.
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1 Introduction

Dissolved oxygen (DO) is one of the key drivers of ocean
biogeochemical cycles and marine life. In a global warming scenario,
the strong negative correlation between the DO concentration and
temperature has led to a decreasing trend of oxygen content in the
ocean (Garcia-Soto et al, 2021 and references therein). Reduced
ventilation of deeper waters due to the increased stratification of
upper waters and additional complex mechanisms have further
exacerbated this decline (e.g., Deutsch et al,, 2014; Schmidtko et al.,
2017; Oschlies et al., 2018). Thus, the study of DO concentration is
fundamental to understand the ocean’s feedback to climate change
(e.g., Joos et al,, 2003; Song et al., 2019; Garcia-Soto et al., 2021).

The oceanographic community has made great efforts to collect
oxygen data and develop appropriate technologies for their
acquisition. DO content can be quantified directly by an analytic
procedure, i.e., Winkler titration (Carpenter, 1965). This allows an
accurate estimate of DO concentration in water from discrete
samples, but requires a research vessel for sample collection and
subsequent laboratory analyses.

In the past decades, a growing number of autonomous
platforms [Argo floats (Wong et al., 2020) and gliders] has been
equipped with sensors for in situ measurements of DO by
electrochemistry or optics. Although the potential for data
acquisition is surging thanks to the growing deployment of these
platforms, the quality and accuracy of the collected data are often
suboptimal (Bittig et al., 2018). In particular, optical sensors (or
Optodes) can undergo a drift in oxygen sensitivity (i.e., reduced
quenching of the luminophore) during both deployment at sea and
storage (Johnson et al.,, 2015; Bittig et al., 2018). However, while the
Optodes can drift within a few tenths of a percent per year during
their usage at sea, most of the drift takes place when they are stored
in the air, resulting in a decrease in oxygen sensitivity of
approximately 5% per year for recently manufactured sensors,
while the older ones tend to drift less markedly (approximately
1% per year or less). Moreover, Aanderaa DO sensors have shown a
loss of sensitivity of 3%-8% per year prior to deployment
(Bushinsky et al., 2017). All these issues make it necessary to
investigate ways to correct and validate DO records. Specifically,
as summarized by Bittig et al. (2018), quality assessment and
correction of DO data from autonomous platforms (i.e., Argo
floats, moorings, gliders) can be done in the following several ways:

(i) By comparison with discrete in situ Winkler samples collected
along the water column. This is the optimal and
recommended method, but it is not always possible, as such
analytical measurements can only be performed during
dedicated oceanographic cruises, which are rare compared
to the continuous sampling offered by autonomous platforms.

(i) By Optode in-air calibration at the surface together with
hydrographic data on a deep isopycnal (to allow a two-
point correction). To apply this method, the manufacturers
were induced to rethink the Argo float design changing the
position of the oxygen sensor, by raising it to allow direct
contact with the air when the platform is at the sea surface.
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However, in-air calibration is unusable for old-design Argo
floats or other platforms. In addition, this method may be
time consuming and difficult to use while underway, as it
requires the instrument to be in free air logging data for
several hours (Aanderaa Data Instruments, 2018).

(iii) By calibration on the ship or in a laboratory at 0% and
100% oxygen saturation (preferably in the temperature
range in which the sensor is to be used). This method
provides high-quality adjustments, but—like the previous
one—it can be time consuming and difficult to apply during
expeditions, and it requires dedicated equipment
(Aanderaa Data Instruments, 2018).

(iv) By comparison with climatological data. This last method
has been proposed by Takeshita et al. (2013), for instance,
for the correction of DO measurements obtained from old-
design Argo floats (i.e., before 2018). However, for some
areas, it might not be possible to obtain a significant and
up-to-date climatology for comparison.

The abovementioned quality-control methodologies, in concert
with recent efforts to decrease the drift and increase the sensor
accuracy, have led and are leading to an ever-increasing quality of
datasets. For example, after 2016, the sensing foils of the Optodes
are subjected at the factory to a pre-conditioning, the so-called
“burn-in period,” which has been found to significantly reduce the
drift that used to occur prior to the deployment in previously
manufactured Optodes (Tengberg and Hovdenes, 2014; Lopez-
Garcia et al.,, 2022). Also, the introduction of the sensors’
multipoint calibration currently ensures a higher accuracy of DO
measurements (Tengberg and Hovdenes, 2014; Bittig et al., 2018).
However, there still remain cases in which these procedures are not
viable; therefore, it is necessary to employ tailored correction
procedures possibly combining the conventional ones. The aim of
this study is to provide the scientific community with a case study of
correction of DO data from autonomous platforms for which the
conventional correction methods were not applicable.

We considered the available DO data collected by autonomous
platforms in the South Adriatic Pit (thereafter referred to as “SAP”;
Southern Adriatic Sea, Central-North Mediterranean Sea) between
2014 and 2020. In this period, only a few Winkler samplings were
available; the Argo float data were mainly from old-design floats
(i.e., with the Optode always remaining underwater even when the
Argo float reached the surface, thus impeding the in-air calibration),
and the glider missions were launched from small ships of
opportunity and carried out without following the actually
suggested pre-deployment best practices (e.g., air saturation
quality check and two-point calibration; Lopez-Garcia et al,
2022). Besides, the study area is known to be a complex area
where the climatology cannot resolve the fast-evolving dynamics
properly (Zavatarelli et al., 1998; Jeffries and Lee, 2007; Lipizer et al.,
2014; Mavropoulou et al., 2020; Pranic et al., 2021; éepié et al,
2022). The “Materials and Equipment” and “Methods” sections
contain a description of the study area and the available data therein
in the selected period, followed by a description of how these data
have been validated and corrected following tailored procedures.
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The “Results” and “Discussion” sections highlight that the corrected
data from all the autonomous platforms are consistent with each
other, thus constituting a robust and reliable dataset, and provide
perspectives for the use of this procedure. Moreover, the storage-
related drift of the glider DO sensors was also estimated.

The corrected DO concentration dataset has been made available
on a public repository at https://doi.org/10.13120/6sbs-2v29.

2 Materials and equipment

2.1 Study area

The Adriatic Sea is commonly known as the main dense water
source of the Eastern Mediterranean (Orlic et al., 1992; Mauri et al.,
2016). Its southern part is characterized by the SAP, a large
depression more than 1,200 m deep (Figure 1A). The water

10.3389/fmars.2024.1373196

exchange with the Mediterranean Sea takes place through the
Otranto Channel, whose sill is approximately 800 m deep.

The SAP exhibits a strong seasonal and interannual variability
triggered by the advection of water masses with different physical
and biogeochemical properties (Gacic et al., 2011; Mihanovic et al.,
2021; Menna et al., 2022; Civitarese et al., 2023). The Bi-modal
Oscillating System (known as BiOS; Gacic et al., 2010; Civitarese
et al,, 2023) plays a role in this regard, as it influences the exchange
between the Adriatic and Ionian Seas by driving decadal oscillations
in the Northern Ionian Gyre.

The general circulation in the SAP involves a counterclockwise
rotation of the middle and upper water column (Poulain and
Cushman-Roisin, 2001; Zonn and Kostianoy, 2016). This fact,
together with the SAP bathymetry, allows Lagrangian platforms
(such as Argo floats) to remain in this area for long periods of time
and eventually to be recovered given the small dimension of the
sub-basin (Gonzalez-Santana et al., 2023).

7500

S
Y

& Dubrovnik

9000 channeln\

WMO 6903178

WMO 6903250

WMO 6901865

WMO 6903197

P-1200 L-Term station
Oceanographic cruises

E2M3A
Convex 14

{ Ju] * ¢ 6 ¢ O

Preconvex 16
Convex 16
Preconvex 17
Convex 17
Convex 18
Preconvex 19
Convex 19
Preconvex 20

&
S

Convex 20

B 43.5

43.0 1

42.51

42.0 1

Latitude, °N

41.51

41.0 1

40.5 T T T T T
16.0 16.5 17.0 175 18.0 185 19.0

Longitude, °E

FIGURE 1

42.5 1

42.0 1

Latitude, °N

41.51

41.0
16.5

17.5 18.0

Longitude, °E

17.0 18.5

Maps of the study area. The gray lines depict the bathymetry at 200-, 500-, 1,000-, 1,500-, and 2,000-m depth. (A) Adriatic Sea with bathymetry.
The square indicates the area of the Southern Adriatic Pit (SAP). (B) Representation of the available Argo float profiles’ locations and oceanographic
cruise stations (ADREX_2014, ESAW-1, Fix08, and Fix09) in the period 2014-2020 and of the fixed stations’ position (P-1200 L-Term and E2M3A).
(C) Surface positions of the gliders during the missions performed in the SAP in the period 2014-2020.
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The SAP is also well-oxygenated due to the inflow of the
oxygen-rich dense water that forms every year in the Northern
Adriatic and reaches the Southern Adriatic after a few months. In
spring and summer, an oxygen subsurface maximum is formed in
the euphotic zone, approximately between 10 and 50 m depth. In
autumn and winter, surface ventilation and mixing of the water
column ensure a more homogeneous oxygen distribution (Bensi
et al., 2013; Mauri et al., 2016; Di Biagio et al., 2022).

2.2 DO unit

In this work, the DO concentration is expressed in pmol/kg, i.e.,
the unit recommended for oceanographic applications and used by
the most widespread ocean-observing systems (e.g., GO-SHIP and
Biogeochemical-Argo, Hood et al., 2010 and Thierry et al., 2022).
Normally, DO sensors measure in wmol/l or ml/l, then the
conversion to the unit pmol/kg is carried out according to
Thierry et al. (2022). This unit is indeed independent of
temperature and pressure/depth, which would modify the
concentration if expressed in a volumetric unit, even if no oxygen
is produced or consumed.

2.3 Data from autonomous platforms

While the physical component of the SAP has been deeply
explored, the study of its biogeochemical processes has been limited
by the lack of prolonged and densely distributed data (Mavropoulou
et al, 2020). To fill this knowledge gap and better understand
the SAP variability, extensive sampling with autonomous
instruments (Argo floats and gliders; Figures 1B, C) has been
conducted over the past decade in addition to the sporadic
traditional oceanographic campaigns.

10.3389/fmars.2024.1373196

For the present study, Argo float data were retrieved from the
Argo Coriolis Global Data Assembly Center (GDAC) (Argo, 2023).
In the period 2014-2020, the SAP was explored by four
autonomous Argo floats equipped with DO sensors (colored
diamonds in Figures 1B, 2). Argo floats profiled the water column
from the sea bottom to the sea surface with a frequency of 1-5 days.
Each float was identified with a World Meteorological Organization
(WMO) number. Argo float WMO 6903178 was equipped with a
SBE63 oxygen sensor (accuracy better than + 3 umol/kg or + 2%),
while WMO 6901865, 6903197, and 6903250 with an Aanderaa
Optode 4330 (accuracy smaller than + 8 pmol/l or + 5%, whichever
is greater). The latter was equipped with a last generation DO sensor
that allowed it to perform the in-air calibration (Johnson et al.,
20155 Bittig et al., 2018). In particular, we considered the variable
“DOXY,” which is already compensated for the effects of
temperature, salinity, and pressure, and the variable
“DOXY_ADJUSTED,” which is post-corrected for the climatology
starting from “DOXY” (Thierry et al., 2022).

As for gliders, the raw data (DO, temperature, salinity, and
pressure) were obtained from the internal database of the National
Institute of Oceanography and Applied Geophysics (OGS). During
the period under consideration, the SAP was investigated with three
gliders during 10 short-term missions, mainly along the Bari-
Dubrovnik transect (colored dots in Figures 1C, 2). The gliders
were piloted to continuously acquire data from the sea surface down
to a depth of approximately 950 m depth. Two different models
were used: the Teledyne Slocum glider (serial number 403)
equipped with the Aanderaa Oxygen Optode 4831 and the
Kongsberg Seagliders (serial numbers 554 and 661) equipped with
the Aanderaa Oxygen Optodes 4330 and 4831, respectively. These
Optodes are equipped with a standard foil, whose response time is
<25 s (Aanderaa Data Instruments, 2017), and are positioned at a
certain distance from the CTD (approximately 1 m for Slocum and
a few centimeters for Seaglider; Moat et al., 2016; Gerin, 2021). The
accuracy of both sensors is smaller than +8 pmol/l or +5%,
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FIGURE 2

Temporal coverage of the available DO data in the SAP between 2014 and 2020 collected by Argo floats, gliders, and cruises. Ancillary data/fixed

stations are not shown.
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whichever is greater. The Seaglider 554 was updated and
recalibrated in 2015. Since its parameters were changed, it was
subsequently referred to as the 554* and considered as a different
glider. Noteworthy, at the factory, the DO sensors of the 554 and
661 gliders were only subject to a batch calibration, while the
sensors of the 403 and 554* gliders were subject to a two-point
calibration (Aanderaa Data Instruments, 2017). During storage, all
the sensors were stored wet and with the cap on, as recommended
by the manufacturer.

2.4 Reference data

DO data from discrete in situ Winkler samples (yellow cross
symbol in Figure 1B, and "Cruises" in Figure 2) of four
oceanographic cruises conducted in the area while the
autonomous platforms were in operation (i.e., ADREX_2014,
ESAW-1, Fix08, and Fix09) were used to correct the DO data
from the autonomous platforms when possible. In all the other
cases, the Winkler-corrected data of these platforms were used as
reference to correct DO data of further platforms, as described in
Section 3 “Methods.”

2.5 Ancillary data

DO profiles collected with an SBE43 DO sensor during daily
oceanographic cruises at the P-1200 L-term station close to the
Croatian coast (42°13'01.0"" N, 17°42’50.0"" E; black star in
Figures 1B, C) from August 2016 to December 2018 (Mauri et al.,
2021; Hure et al., 2022; Jasprica et al, 2022) were used as
independent data for comparing them qualitatively with our
corrected DO data from the autonomous platforms in the
same area.

Additionally, the meteorological data (i.e., air temperature,
pressure, and relative humidity) collected from the EMSO South
Adriatic Regional Facility’s oceanographic buoy E2M3A (41°31’
39.72" N, 18°4'56.70" E; Cardin et al., 2020; black square symbol in
Figures 1B, C) were used for the a posteriori in-air calibration of the
DO sensor of Argo float 6903250 following Johnson et al. (2015).
Only the meteorological data corresponding to a relative humidity
greater or equal to 50% near the sea surface were considered.

3 Methods

Oxygen sensors undergo several issues, depending on their
working principle, their installation position and the way they are
operated, which can ultimately lead to dynamic and geometric errors.
They can have a slow response time, which causes a significant lag in
temperature and raw phase measurements (Bittig et al., 2014; Bittig
and Kortzinger, 2017; Lopez-Garcia et al,, 2022).

DO sensors are also affected by temperature, salinity, and pressure,
which modify the hardware response of the sensors themselves (Bittig
et al., 2015; Aanderaa Data Instruments, 2017; Sea-Bird Scientific,
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2017; Bittig et al., 2018). To overcome this problem, Aanderaa and
Seabird DO sensors are equipped with an integrated temperature
sensor that allows instantaneous correction of the DO concentration,
while a reference salinity value—set prior to the deployment—can be
used to provide an initial automatic salinity compensation. This
method guarantees reasonable DO readings for waters with
conductivity variations of less than 1 mS/cm (corresponding to a
salinity of approximately 0.8 at 20°C). In contrast to temperature and
salinity, pressure compensation is usually not considered in the DO
sensor, as its effect reduces the DO reading by 3%-4% every 1,000 dbar
(Bittig et al., 2015). In the Southern Adriatic Sea, which is
characterized by a widely ranging salinity, the DO Argo float data
must therefore be corrected during post-processing. In our case, the
Argo float DO data (variable “DOXY”) had already been corrected by
the GDAC (Racape et al., 2022).

Instead, a post-processing correction was necessary for glider
data. For each cast, a time shift was calculated for correcting the
response time and geometric lag and then applied to the data,
following the routine proposed by IMOS (Woo and Gourcuff, 2021;
Lopez-Garcia et al., 2022). Pressure, temperature, and salinity
collected by the glider CTD were then used with the time-shifted
phases to finally compute the compensated DO concentrations,
following Garcia and Gordon (1992). Particular attention was paid
to the factory-set salinity reference values (35 for Slocum glider and
0 for Seaglider).

A further correction then had to be applied to all data (i.e., from
Argo floats and gliders) to account for sensor drift. The DO data
were interpolated with a vertical resolution of 1 m, and the pairs of
record platform-Winkler that were spatially and temporally close
within certain thresholds were then extracted from the dataset.
Some studies indicate that spatial decorrelation in the Adriatic and
Mediterranean Sea is generally 15-25 km or more (Russo et al.,
1993; Lermusiaux and Robinson, 2001; Waldman et al., 2017;
Tzortzis et al., 2021), while the temporal decorrelation scale is 72
h or more (Russo et al., 1993; Poulain, 2001; MERSEA, 2008;
Waldman et al., 2017). Therefore, to maximize the number of
pairs and minimize the potential bias due to spatiotemporal
variability in DO concentration, we chose 25 km and 72 h as the
spatial threshold and temporal distance from the Winkler sampling
points, respectively.

When it was not possible to assign a Winkler sampling to the
platform measurement, as previously done by Queste et al. (2015),
we searched for the pairs between these platforms and the
previously Winkler-corrected data, and then we performed the
same correction procedure. To exclude surface layer variability,
we only considered the data below 100 m depth, namely the data
under the thermocline in most of our cases in the Adriatic Sea.
Given the high complexity of the dynamics at the SAP margins, the
profiles collected in the proximity of the slope (i.e., where the
bathymetry is less than 500 m) were excluded.

For all the resulting pairs of each Argo float and of each glider
mission, we computed a slope correction, as recommended by
Thierry et al. (2021). A least square minimization (LSM) between
the reference and the data to be corrected was performed using the
following linear regression model:
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Y =mX

where Y is the DO reference, m is the slope to be optimized, and
X is the DO measurement to be corrected.

The goodness of the LSM fit was evaluated by computing the
coefticient of determination (R?). Pairs with an R? of less than 0.65
were discarded, and the slope was recalculated by repeating the LSM
procedure with all the remaining pairs. The DO data were then
corrected by the corresponding slope (hereafter referred to as
“corrected DO”).

Besides, for gliders 403 and 554%, which had been subject to the
two-point factory calibration, we estimated the drift over time of the
DO sensor related to storage (the deployment drift was considered
negligible due to the short duration of the glider missions, i.e., from
4 to 20 days). In particular, we performed a linear regression
between the slopes obtained for these gliders during different
missions and the number of days after the calibration, which had
been performed on 11 April 2013 and 2 November 2018, for gliders
403 and 554%, respectively. In this way, it was possible to extrapolate
from the regression a slope for the missions for which no pair had
been found for the correction. This calculation was not done for

10.3389/fmars.2024.1373196

Argo floats, as their drift is considered negligible since they always
operate at sea. For each regression, uncertainty was computed as the
standard deviation from the regression. Figure 3 depicts an
overview of the procedure applied to correct DO data from Argo
floats and gliders.

Finally, the DO data of the P-1200 station were used as
independent data for an additional check of the corrected Argo
float and glider DO values falling within the spatiotemporal
threshold of 25 km and 72 h from the data of the station itself.

All the analyses and computations were performed with Matlab
R2017B software (The MathWorks Inc, 2017).

4 Results
4.1 Argo float data
With the set thresholds of 25 km and 72 h, four float-Winkler

pairs were obtained: Argo float 6901865 with Winkler sampling of
ADREX_2014 and Argo float 6903250 with Fix08 (Table 1). To find

Argo float DO data
(downloaded from
GDAC)

Interpolation along the
water column

Pairing I D

Least Square
Minimization (slope and
uncertainty)

Corrected Argo float DO
data

FIGURE 3

Workflow of the procedure applied to correct DO data from Argo floats and gliders.

Glider DO data
(downloaded from the
instrument)

Response time and
geometric lag correction
Temperature, salinity and

pressure compensation
Interpolation along the
water column

Pairing

Least Square
Minimization (slope and
uncertainty)

Corrected glider DO data Slope linear regression
over time

Corrected glider DO
data for missions with
no pairs

TABLE 1 Information on the selected pairs of Argo float profiles and Winkler samples: profile/station number, time (UTC), position (WGS-84, degrees

and decimal degrees), and spatial and temporal gaps.

Argo floats

WMO Profile Date Time Latitude Longitude

Cruise

Winkler samples Gap

Station Date Time Latitude Longitude km hours

6901865 2 ‘ 19/2/2014 11:38 41.842 17.744 ADREX_2014 ‘ 45 19/2/2014 ‘ 1:42 41.983 17.932 22 10
6903178 17 ‘ 16/12/2015 2:30 42.199 17.479 ESAW-1 ‘ 9 14/12/2015 ‘ 21:34 42.040 17.834 34 29
(Continued)

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2024.1373196
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Gerin et al.

TABLE 1 Continued

10.3389/fmars.2024.1373196

Argo floats Winkler samples Gap
WMO Profile Date Time Latitude Longitude Cruise Station Date Time Latitude Longitude km hours
6903250 3 ‘ 10/10/2018 16:02 41.824 17.709 Fix08 BADU09 8/10/2018 ‘ 21:08 41.743 17.692 9 43
6903250 4 ‘ 11/10/2018 15:47 41.838 17.673 Fix08 ‘ BADU09 8/10/2018 ‘ 21:08 41.743 17.692 10 66
6903250 4 ‘ 11/10/2018 15:47 41.838 17.673 Fix08 ‘ BADUO08 9/10/2018 ‘ 00:18 41.641 17.514 25 63
6903250 88 ‘ 19/10/2019 ‘ 11:40 41.860 17.932 Fix09 ‘ E2M3A 19/10/2019 ‘ 10:00 41.544 18.059 37 2
A B
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pairs for the remaining floats, we doubled the spatial threshold. Two
new pairs were found at 34- and 37-km distance, respectively
(Table 1). The first couple was between Argo float 6903178 and
ESAW-1 Winkler sampling, while the second one was between
Argo float 6903250 and Fix09. These pairs were considered valid
because the Winkler DO values along the water column followed
the same trend as the floats, indicating a horizontal homogeneity of
the water masses in the area considered, despite the increased
distance radius. Qualitatively, all Argo float data followed the
shape of the Winkler profile over the entire water column and
underestimated the DO concentration of approximately 10 umol/kg
(Figures 4A, B, 5A, B). In quantitative terms, the LSM confirmed
that an underestimation of the Argo float oxygen data with a slope
between 1.052 and 1.061 showed very high R values between 0.82
and 0.98, and the uncertainty spanned between 1.04 and 1.94 pmol/
kg (Figures 4C, D, 5C). The DO values were therefore corrected by
applying the corresponding slopes.

As for float 6903197, it was not possible to assign a Winkler
sample, even doubling the thresholds. Therefore, we searched for
possible pairs with the previously corrected DO Argo float data (i.e.,
6901865, 6903178, and 6903250) applying the initially established
thresholds (25 km and 72 h). Three profiles of Argo float 6903178
met the requirements, thus were used as reference (Table 2).
Figures 6A-C again showed very similar patterns of the DO

10.3389/fmars.2024.1373196

profiles measured by the two Argo floats. Anew, the profile to be
validated underestimated the DO concentration compared to the
reference by roughly 5 umol/kg. The calculated DO slope was lower
than before (1.022); the uncertainty was 1. 50 umol/kg, and the R?
remained very high (0.96; Figure 6D).

Argo float 6903250 was equipped with the latest generation DO
sensor that enabled the in-air calibration. Twenty-six in-air
measurements of this Argo float were found in the area near to the
E2M3A (i.e., within the 25-km threshold); they spanned the period
between 10 October 2018 and 09 August 2020. Nineteen coincident
meteorological data from the oceanographic buoy E2M3A were
available, and the computed mean gain was 1.053. Comparing the
timeseries of the corrected DO and the in-air calibrated values at a
depth of 211 m at which a Winkler sampling was performed, nearly
null differences were found (Figure 7A). The DO post-corrected for
climatology (“DOXY_ADJUSTED” downloaded from GDAC)
differed from the in-air calibrated DO, following an increasing
trend between -2 and +4 pmol/kg, underestimating the DO values
in the first half of the float lifetime and overestimating them during
the second half. The observed patterns and value differences were also
confirmed at the other Winkler depths (not shown), with a minimal
variation in differences of approximately 1 umol/kg.

As for Argo floats 6903178 and 6903197, they were in the same
area during the same period in three subsequent profiles. The

0 < 0 " 235
— Slope: 1.052
Uncert: 1.55 umol/kg
200 -200 - 230} R%095
N couples: 4
°
-400 -400 =< 225}
[}
—_ —_ E
E £ 2
< -600 < -600 ¢ © 220
o Q. =
a 8 £
=
-800 -800 O 215
o
-1000 . ¢ Winkler -1000 . ¢ Winkler 210 b
Argo float Argo float
. 6903250 6903250 4
1200 ——= ‘ : 1200 —=— ‘ : 205l
200 220 240 260 200 220 240 260 195 200 205 210 215 220
DO (umol/kg) DO (pmol/kg) DO float 6903250 (umol/kg)

FIGURE 5

DO measurements of Argo float 6903250 (black dots) and Winkler data (red dots) of (A) the Fix08 and (B) Fix09 cruises. The green line refers to the
minimum depth (100 m) considered for the LSM computations. (C) LSM graph with slope, uncertainty, and R? values.

TABLE 2 Information on the selected pairs of profiles between Argo float 6903197 and Winkler-corrected Argo float 6903178: profile/station number,
time (UTC), position (WGS-84, degrees, and decimal degrees), and spatial and temporal gaps.

Argo floats

Date Time Latitude Longitude
6903197 23/8/2016  10:38 42213 18.069 6903178
6903197 28/8/2016  10:39 ‘ 42273 18.017 6903178
6903197 2/9/2016 10:39 ‘ 42293 ‘ 17.996 6903178

Frontiers in Marine Science

Winkler-corrected Argo floats Gap
Date Time Latitude Longitude km hours
23/8/2016 327 42251 17.928 12 7
28/8/2016 231 42358 18.091 11 ‘ 8
2/9/2016 222 42.398 18.018 12 ‘ 8
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(A—C) Oxygen profiles of Argo floats 6903197 (black dots) and 6903178 (red dots) for the profiles selected above. (D) LSM graph with slope,

uncertainty, and R? values.

timeseries of the corrected DO and the “DOXY_ADJUSTED”
variable at a depth of 193 m at which a Winkler sampling was
performed displayed very small differences in the case of Argo float
6903178 and larger differences between them in the case of Argo
float 6903197 (up to 9 umol/kg) (Figure 7B). Besides, DO data of
both floats displayed quite stable values in the SAP starting from
April 2016 and May 2016 (floats 6903178 and 6903197,
respectively). As in the case of Argo float 6903250, there were
only minimal variations also at the other depths (not shown).

4.2 Glider data

No glider-Winkler data combinations were possible within the
originally set thresholds of 25 km and 72 h and neither when
doubling the thresholds. Therefore, we looked for the possible
combinations between glider profiles and corrected Argo float
profiles by assuming the originally set thresholds.

For some glider missions (i.e., Convex 20 by Seaglider 554* and
Convex 17 and Convex 18 by Slocum glider 403), pairs were not

Frontiers in Marine Science

found. Instead, several pairs resulted for the remaining glider
missions (minimum 3, maximum 78; Table 3; Figure 8). The
qualitative comparison between the DO measurements from the
gliders and the corrected DO data from Argo floats showed a similar
trend along the water column. Overall, the LSM indicated that
gliders underestimated DO concentrations, with slopes ranging
between 1.088 and 1.260 and uncertainties between 1.29 and 3.11
umol/kg, and the values of R? were between 0.64 and
0.90 (Figure 8).

The linear regression of the slopes of the four missions of the
Slocum glider 403 and that of the Seaglider 554* over time
(considered altogether because the sensors of both gliders had
been subject to the two-point factory calibration), starting from
the calibration date at the factory, showed a positive linear trend,
with a slope of 0.0001, offset of 1.072 and a very high R* of 0.947.
The uncertainty was 0.009 (Figure 9).

Finally, the extrapolation of the slopes for the glider missions
Convex 20, Convex 17, and Convex 18 from the previous diagram
showed that these were 1.113, 1.173, and 1.191 pmol/
kg, respectively.
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(A) DO from Argo float 6903250 after the correction with the method used in this paper (black line), the in-air calibration (red line),
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x-axis indicate the time of the three pairs that were used to obtain the slope for Argo float 6903197.

The DO Argo float and glider data appeared quite sparse before ~ samples scattered within the variability of the Argo float and glider
applying the correction and underestimated DO concentration up  data. The “DOXY_ADJUSTED” data of Argo floats were similar to
to approximately 10 umol/kg (Argo floats) and 35 pmol/kg (gliders) ~ the corrected Argo float ones, but more widespread and with an
(Figure 10A). Contrarily, after the correction, they appeared  underestimating tendency (Figures 10A, B). Further, the
consistent along the water column (Figure 10B), with the Winkler = comparison between the DO data of the P-1200 station and the

TABLE 3 Summary information on the selected glider—Argo float pairs used for the determination of the DO glider slopes, with the minimum and
maximum spatiotemporal gaps (Seaglider 554* corresponds to Seaglider 554 after being updated and recalibrated in 2015).

Glider ID Mission Argo float WMO Number of pairs
554 Convex 14 6901865 44 4 25 1 72
661 Pre convex 19 6903250 32 2 24 16 71
554* Pre convex 20 6903250 22 12 25 5 71
403 Pre convex 16 6903178 78 2 25 0 72
403 Convex 16 6903178 12 1 24 35 71
403 Pre convex 17 6903197 20 7 24 31 71
403 Convex 19 6903250 3 18 21 8 35
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Regression of the slopes of Slocum glider 403 and Seaglider 554* over time after factory calibration.

corrected Argo float and glider DO data nearby revealed negligible
differences, especially deeper than 600 m (approximately 3 umol/kg;
Figures 11A, B).

5 Discussion

Observations constitute the cornerstone of marine research and,
against the backdrop of global and climate changes, are crucial for
understanding observed trends, predicting future scenarios, and
ultimately meeting societal needs. However, for the collected
observations to become useful, trustworthy, and shareable
information that can be exploited by the scientific community,
their highest possible quality must be ensured. This is possible by
sharing best practices and (rigorous) quality control methodologies
that are recognized and routinely applied by the scientific
community. In this way, the fragmentation and scarcity of cross-

community communication that are still endemic to marine
research could be overcome (Nair et al., 2023).

In recent years, numerous important improvements have been
made, and operational best-practices have been proposed for DO
sensors (e.g., Thierry et al., 2021; Lopez-Garcla et al., 2022). These
are gradually improving the quality of the collected data and will
hopefully lead to an ever-decreasing need to correct data in post-
processing. Nonetheless, for datasets collected in the past or for
which best practices have not been applied, there may still be a need
to find alternative correction procedures.

In this paper, we have showcased the procedure applied for
correcting DO data from Argo floats and gliders collected in the
SAP during the period 2014-2020, for which the standard
correction methods were not applicable.

The main findings have been that all the DO profiles to be
corrected for both the Argo floats and the gliders underestimated
the DO concentration compared to the reference value. The slopes
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FIGURE 10

Overview of the Argo float (blue dots) and glider (red dots) DO data (A) before and (B) after the correction. The yellow dots represent the Winkler
samples, while the cyan dots represent the "“DOXY_ADJUSTED" values of Argo floats downloaded from GDAC. Glider data in (A) are already
corrected for the response time and geometric lag and compensated for temperature, salinity, and pressure.
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calculated for the four Argo floats were between 1.052
(approximately 5%) and 1.061 (approximately 6%) for three of
them (6903178, 6903250, and 6903865) and 1.022 (approximately
2%) for the remaining one (6903197). This difference is most likely
due to the different storage time after factory calibration (Argo float
6903197 was stored for approximately 4 months, whereas the other
three were stored for 6 months) and is comparable to the
percentages indicated by Bushinsky et al. (2017) and Bittig et al.
(2018). In the case of Argo float 6903250, the corrected DO values
followed the same trend as the in-air calibrated values with
negligible differences (Figure 7A), indicating that the correction
method proposed in this work provides results comparable to the
well-established best practice of the in-air calibration; indeed, the
calculated slope and the gain from the in-air calibration were almost
identical (1.052 vs. 1.053). The “DOXY_ADJUSTED” variable
downloaded from GDAC was quite similar to the previous two,
but tended to underestimate and then overestimate the in-air
calibrated DO values. We can speculate that this difference could
be due to the different computation methods: while the in-air
calibration relies on the oxygen measurement taken in air by the
instrument itself and on the air humidity, the “DOXY_ADJUSTED”
from GDAC is calculated using the climatology.

Nonetheless, the differences remained within the accuracy
declared by the manufacturer. In addition, the consistency
between the two Winkler samples recorded at different times with
the corrected DO values highlights that this Argo float exhibited
negligible drift once at sea, which is consistent with the existing
literature stating that the in situ drift can be one order of magnitude
smaller than the storage-related one (Kortzinger et al, 2005;
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Tengberg et al., 2006; Tengberg and Hovdenes, 2014; Johnson
et al,, 2015; Bittig et al., 2018).

The corrected DO concentrations of Argo floats 6903178 and
6903197 were quite similar over several months (from June to early
October 2016) even if their distance reached up to 80 km,
suggesting a period in which the SAP had lower variability. On
the contrary, the “DOXY_ADJUSTED” variable downloaded from
GDAC of the two Argo floats differed by approximately 9 pmol/kg,
slightly higher than the instrumental accuracy. This could be likely
due to the fact that, at least in the case of Argo float 6903197, the
climatological data were not yet complete and of sufficient
resolution to optimally solve the complex dynamics of the area, as
already found by previous works (Zavatarelli et al., 1998; Jeffries and
Lee, 2007; Lipizer et al., 2014; Mavropoulou et al., 2020; Pranic et al.,
2021; Sepic et al., 2022).

The slopes computed for the gliders ranged from 1.088 to
1.260 (approximately 9%-26%) and were thus higher than the
values observed for the Argo floats. This discrepancy can be
attributed to the operational differences of these autonomous
platforms in the Southern Adriatic Sea. The Argo floats spend
almost all their lifespan in the water, and, after the initial drift
prior to deployment, they tend to drift a few tenth of percent per
year (Bittig et al., 2018). Contrarily, the gliders considered in this
study were deployed for short periods (from 4 to 20 days only)
and then stored for months between missions; thus, we can
speculate that the observed drift could be attributed completely
to storage. By plotting the slopes of gliders 554* and 403 recorded
over time after factory calibration, it was possible to estimate this
storage-related degradation of the DO sensors, obtaining an
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excellent linear correlation. The slope at instant zero showed a
value of about 1.07 (approximately 7%); this value is well within
the 3%-8% indicated in the literature and confirms that the sensor
underwent degradation immediately after factory calibration. In
addition, there was a constant degradation due to storage of
approximately 4%/year (0.0001%/day x 365 days/year), which is
within the percentage reported by Bittig et al. (2018). This
estimate was very useful as it allowed us to obtain the slopes for
correcting also the DO data of the missions for which it was not
possible to find validated float data, as in the case of Convex 20 of
Seaglider 554* and Convex 17 and Convex 18 missions of glider
403. The uncertainties of the LSM for correcting the glider data
(Figure 8) were mostly greater than those calculated for correcting
the Argo float data (Figures 4-6), yet they always remained within
the sensor accuracy. These differences could be ascribed to the
intrinsic errors deriving from the application of any correction
method, but we speculate that they were mostly due to the
elevated spatiotemporal variability of the SAP area with
gradients that could cause a mismatch between the glider and
the reference data, and likely also to the different working
principles of the two kinds of platforms. The lack of pairs
between gliders and other validating data sources observed in
this study, in concert with high heterogeneity of the study area,
suggests that, in cases where the existing best practices could not
be followed, gliders should be piloted near known fixed stations or
validated platforms. This would allow to correct the data collected
with the gliders more easily, thus also minimizing the slope
uncertainty related to the spatial and temporal variability of DO
in the study area.

We are aware that the slopes proposed in this work are valid
only in the range of values used for the minimization and that they
may lead to erroneous results in other ranges; nevertheless, the high
values of R? and the estimated uncertainties (well within the
instrumental accuracy) found for all the LSMs guarantee the
statistical reliability of the results. Furthermore, we are supported
by the fact that the corrected DO values of the different platforms
are superimposable to the Winkler DO values and in overall
agreement with each other (Figures 10A, B) and with
independent observations from DO probes (Figures 11A, B), and
fall well within the expected DO range in the SAP (Zavatarelli et al.,
1998; Manca et al., 2004; Lipizer et al., 2014).

The procedure proposed in this study allowed us to achieve the
best possible quality of data and to make sure that the datasets from
different autonomous platforms and missions were consistent with
each other.

The same procedure could be applied in similar cases, for
example, when autonomous platforms have not been operated at
sea from oceanographic vessels, but have been launched from ships
of opportunity by non-trained personnel (i.e., crew) and without
pre-deployment operations and calibrations. A further plausible
case would be that of data collected from old-design Argo floats.
Indeed, the in-air calibration was not possible for the Argo floats
manufactured before 2018 because the Optode was located in a
position that remained always underwater, even when the Argo
float reached the sea surface for communicating with the satellite
system. Another viable application of this procedure could be the
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case for areas with complex dynamics similar to the SAP, where
the elevated variability is not sufficiently represented by
the climatology.

The application of the procedure proposed in this study could
allow to recover otherwise unusable data, thus ultimately
contributing to the advancement of the knowledge of our oceans.
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